Tamana bat virus (TABV, isolated from the bat Pteronotus parnellii) is currently classified as a tentative species in the genus Flavivirus. We report here the determination and analysis of its complete coding sequence. Low but significant similarity scores between TABV and memberviruses of the genus Flavivirus were identified in the amino acid sequences of the structural, NS3 and NS5 genes. A series of cysteines located in the envelope protein and the most important enzymatic domains of the virus helicase/NTPase, methyltransferase and RNA-dependent RNA polymerase were found to be highly conserved. In the serine-protease domain, the catalytic sites were conserved, but variations in sequence were found in the putative substrate-binding sites, implying possible differences in the protease specificity. In accordance with this finding, the putative cleavage sites of the TABV polyprotein by the virus protease are substantially different from those of flaviviruses. The phylogenetic position of TABV could not be determined precisely, probably due to the extremely significant genetic divergence from other member-viruses of the family Flaviviridae. However, analysis based on both genetic distances and maximum-likelihood confirmed that TABV is more closely related to the flaviviruses than to the other genera. These findings have implications for the evolutionary history and taxonomic classification of the family as a whole : (i) the possibility that flaviviruses were derived from viruses infecting mammals rather than from mosquito viruses cannot be excluded ; (ii) using the current criteria for the definition of genera in the family Flaviviridae, TABV should be assigned to a new genus.
Introduction
Tamana bat virus (TABV) was isolated in 1973 by J. L. Price in Trinidad from the salivary glands, saliva and spleen of the insectivorous bat Pteronotus parnellii (Price, 1978) . Some characteristics of the virus (sensitivity to ether, pathogenicity for suckling mice and ability to haemagglutinate goose erythrocytes) were those of (enveloped) ' arboviruses ', i.e. viruses currently classified as flaviviruses or alphaviruses, but no evidence for the existence of an arthropod vector could be found. Despite extensive investigations, no serological reAuthor for correspondence : X. de Lamballerie.
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The GenBank accession number for the complete sequence of the TABV ORF is AF285080. lationship with known arboviruses or other viruses could be detected and TABV remained unclassified. More recently, Kuno et al. (1998) published electron micrographs of TABV propagated in Vero cells that showed virus particles with the typical size and morphology of flaviviruses. However, a combination of PCR primers designed by these authors with the ability to amplify a portion of the NS5 gene of a large variety of flaviviruses yielded no amplicon when applied to TABV. Therefore, after more than 25 years and both serological and molecular investigations, the taxonomic position of TABV remains undetermined and quite intriguing. Here, we present the complete coding sequence of this hitherto unclassified virus and report our attempts to elucidate the genetic structure and evolutionary relationships of TABV. This analysis allowed us to identify TABV as a new and divergent member of the family Flaviviridae and had implications for the evolutionary history and taxonomic classification of the family as a whole.
Methods
Virus strain. TABV (labelled Tr127154) was kindly supplied by Robert Shope (University of Texas, Galveston) at the seventh mouse brain passage (dated 8-9 December 1974) . After an additional passage in newborn mice, it was propagated in Vero cells cultured as described previously (Billoir et al., 2000) . Cells and supernatant medium were recovered separately at 4-5 days post-infection.
Preparation of viral RNAs and cDNAs. RNA was extracted from infected cells and from the supernatant medium by using the RNA-Now kit (Biogentex). RNAs were reverse-transcribed using random hexaprimers (Roche Molecular Biochemicals) and MuMLV Superscript reverse transcriptase (Gibco BRL) under standard conditions.
Genomic amplification and sequencing
Amplification of conserved regions. Primers were designed in conserved regions of the flavivirus genomes, using sequences from databases. The first set [TABV-NS3-S, 5h BYiRTiGCiCCiACiMGiGTNGT 3h (i, inosine) ; TABV-NS3-R, 5h-RTTiGCiCCCATYTCiSWDAT 3h ; hybridization temperature 50 mC] was designed from the alignment of NS3 gene sequences. The second set (TABV-NS5-S, 5h ATGGGiAARMRi-GARAARAA 3h ; TABV-NS5-R, GTRTCCCAiCCiGCiGTRTCRTC 3h ; hybridization temperature 45 mC) was designed from NS5 sequences. PCR amplifications were achieved under standard conditions using Taq polymerase (Gibco-BRL) and cDNAs prepared from infected cells. Amplicons were gel-purified (Geneclean, Bio101) and ligated into the pGEM-T vector system I (Promega). Recombinant plasmids were transfected into E. coli XL-Blue cells and sequenced using the M13 universal primers, the -Rhodamine DNA sequencing kit and an ABI Prism 377 sequence analyser (Perkin Elmer).
Determination of the complete coding sequence. The complete coding sequence of the virus was determined by using cDNAs prepared from the supernatant medium and the anchored PCR method, with one specific primer designed from a previously characterized virus sequence and a combination of non-specific oligonucleotides, as described previously (Billoir et al., 2000) . PCR products were cloned and sequenced as described above. Specific primers were designed from the reconstructed coding sequence and used to generate 15 overlapping PCR products covering the entire ORF. These products were sequenced directly on both strands using the amplification primers.
Sequence analysis
Local databases. Nucleotide and amino acid sequences of complete flavivirus ORFs were obtained from GenBank. Abbreviations are those recommended in the 7th report of the International Committee on Taxonomy of Viruses (Heinz et al., 2000) and accession numbers are the same as reported previously (Billoir et al., 2000) except for MVEV (AF161266) and MODV (AJ242984). Sequences from pestiviruses [Border disease virus (BDV), GenBank accession no. U70263 ; Bovine viral diarrhoea virus 1 (BVDV-1), M31182 ; Bovine viral diarrhoea virus 2 (BVDV-2), U18059 ; Classical swine fever virus (CSFV), M31768], hepaciviruses [Hepatitis C virus subtype 1a (HCV-1a), M62321 ; HCV-1b, D90208 ; HCV-1c, D14853 ; HCV-2a, D00944 ; HCV-2b, D01221 ; HCV-2c, D50409 ; HCV-3a, D17763 ; HCV4a, Y11604 ; HCV-5a, Y13184 ; HCV-6a, Y12083 ; HCV-11a, D63822 ; GB virus A [GBV-A] nig, U22303 ; GBVA lab, U94421 ; GBV-A cal, AF023424 ; GBV-A tri, AF023425 ; GBV-C human, AB003292 ; GBV-C Alignments. A search for significant similarity between TABV sequences and sequences from GenBank was performed using the Local  (multiple database)  program implemented in DNATools. This program was kindly written at our request by S. W. Rasmussen. It allows iterative  searches to be performed against a series of databases, each made of a single sequence. This is useful for the detection of similarity between distantly related sequences and the delimitation of homologous regions.  (protein queryprotein database comparison) and  (nucleotide sequence query-protein database comparison) algorithms were used.
A search for conserved amino acid domains within the polyprotein of TABV was performed using the program  implemented in the UK Human Genome Mapping Project computing platform (http :\\ www.hgmp.mrc.ac.uk\).
Pairwise and multiple alignments of partial or complete amino acid sequences were generated by the program   version 1.74 (Thompson et al., 1994) . Conserved motifs were used as a control of validity for alignments as reported previously (Billoir et al., 2000) .
Phylogenetic analysis. Due to large genetic distances and the presence of regions without significant sequence similarity, it proved difficult to include TABV in a phylogenetic analysis of complete flavivirus polyprotein sequences. However, in specific regions of the polyprotein, - identified significant similarity scores between TABV and other viruses (see details in Results). Partial homologous sequences (in the structural, NS3 and NS5 genes) were used to generate relevant amino acid sequence alignments with  . Genetic distances between sequences were estimated with the program  (version 2.0 ; Kumar et al., 2001 ) using the gamma-distance statistic. The shape parameter α, describing the extent of among-site substitution rate variation, was estimated from the data by using the program  (Yang, 1997). Trees were constructed on these distance matrices by using the neighbour-joining method.
A maximum-likelihood (ML) analysis of the helicase and NS3 amino acid sequence alignments was also used to determine the evolutionary position of TABV. First, an initial maximum-parsimony tree for all sequences from both genes was estimated by using a heuristic search algorithm (program * version 4.0 ; Swofford, 2000) . Next, starting from this initial tree, four model trees were constructed using the program  (Page, 1996) that differed in the placement of the TABV lineage (see Fig. 5 ). In tree 1, TABV was placed as a sister-group to a clade containing the genus Flavivirus and CFAV. In tree 2, the positions of TABV and CFAV were reversed, with TABV now more closely related to the genus Flavivirus. In tree 3, TABV and CFAV grouped together and then joined the genus Flavivirus. Finally, in a more extreme revision, TABV was positioned next to the pestiviruses. All other branches on the phylogenies were unchanged. The likelihood of these four model trees was estimated by using an ML method, assuming that amino acid positions changed according to the Jones-TaylorThornton substitution matrix but allowing rates of amino acid sub-Genome sequence analysis of Tamana bat virus Genome sequence analysis of Tamana bat virus stitution to vary along the sequence alignment according to a gamma distribution with shape parameter α estimated from the data. This analysis was also performed by using the  package (Yang, 1997).
Hydropathy plots. Hydropathy plots of structural proteins or complete polyproteins were produced in Microsoft Excel using the amino acid hydropathy values determined by Kyte & Doolittle (1982) , considering sliding windows from 11 to 25 amino acids. For ease of comparison between the hydropathy profiles exhibited by TABV and Kunjin virus (KUNV), aligned sequences were exported with all alignmentgenerated gaps maintained (with a hydropathy value of zero). This permitted the comparison of hydropathy profiles of amino acid sequences of unequal lengths.
Base composition and codon usage. The GjC content of the TABV genome was determined and compared with that of other flaviviruses by using the program   (version 1.3). Among flaviviruses, the influence of the GjC content on the amino acid composition of polyproteins, codon usage and the length of ORFs was investigated using the same program.
Results

Analysis of PCR products in the NS3 and NS5 genes
Amplification products obtained using primer sets TABV-NS3-S\TABV-NS3-R and TABV-NS5-S\TABV-NS5-R were respectively 585 and 273 nt long. The corresponding sequences were tested using - against complete amino acid sequences of members of the family Flaviviridae. Significant identity scores were found with homologous sequences of flaviviruses in both the NS3 [best score with Dengue virus type 1 (DENV-1), P l 2ek13] and NS5 [best score with Yellow fever virus (YFV), P l 7ek13] regions, suggesting that TABV is genetically more closely related to the flaviviruses than it is to viruses in the other genera.
Analysis of the complete ORF sequence
The complete TABV ORF sequence (GenBank accession no. AF285080) was 10 053 nt long (including the initial ATG and the terminal stop codon) and encoded a 3350 aa polyprotein. This is shorter than any of the flavivirus polyproteins described to date. Perhaps significantly, the polyproteins of non-vectored viruses [Rio Bravo virus (RBV), 3379 aa ; Modoc virus (MODV), 3374 aa ; Apoi virus (APOIV), 3371 aa ; Cell fusing agent virus (CFAV), 3341 aa] are shorter than those of arboviruses, which range between 3386 (DENV-4) and 3415 [Powassan virus (POWV)] aa.
A comparison was made of the TABV polyprotein sequence with those deposited in databases using the program . The top-scoring sequence families were the flavivirus RNAdirected RNA polymerase (RdRp) (E value 4n1ek45), the flavivirus helicase (E value 4n3ek20) and the flavivirus envelope glycoprotein (E value 9n3ek10 ; see Fig. 2e ). The relatedness to the envelope protein of flaviviruses is worthy of emphasis, since sequence similarity between members of different genera in the family Flaviviridae has been observed in some non-structural genes, but never in structural genes. This is a persuasive argument for grouping TABV in the genus Flavivirus. Accordingly, further investigations were carried out to test the hypothesis that TABV is related most closely to the flaviviruses.
Study of structural genes
In the family Flaviviridae, structural proteins are derived following processing of the N-terminal part of the polyprotein. The 800 N-terminal amino acids of the TABV polyprotein were compared with the available Flaviviridae sequences using -. No match was found with proteins of hepaciviruses or pestiviruses. In contrast, significant identity scores were observed with structural proteins of flaviviruses [best score with KUNV, P l 2ek28, 185\826 (22 %) identity]. These results were used as markers for the alignment of flavivirus and TABV sequences using  . The structural proteins of TABV were characterized by comparing sequence alignments, hydropathy plots and amino acid patterns. The mature capsid protein (VirC) of flaviviruses is a small, highly basic protein that is cleaved from the nascent capsid protein (AnchC) by the viral serine protease (VSP) after a dibasic amino acid sequence and before a CTHD. Sequence alignment suggests that the cleavage site for TABV is located after the amino acid at position 95. The proposed residues are Gln-Lys, a pattern never reported for flaviviruses (Table 1) . However Gln at position k2 and Lys at position k1 are seen CEEF X. de Lamballerie and others X. de Lamballerie and others frequently in flavivirus cleavage sites. The amino acid content of VirC (rich in basic Lys and Arg residues) fits with a putative nucleoprotein function.
(ii) AnchC/prM cleavage site. The CTHD sequence of flaviviruses acts as a signal sequence for translocation of prM into the lumen of the ER. It is cleaved from the rest of the polyprotein by a host signalase (HS). In the case of TABV, the cleavage could occur after Cys"#", a situation comparable to that of CFAV, and consistent with the (k3, k1) rule of von Heijne (1984) and the presence of an upstream hydrophobic sequence (Table 1) ; alternatively, the cleavage could occur after Gly""& or Gln"#%, which are also canonical sites for HS. The hydrophobic structure CTHD can be identified in Fig. 1 (a) , which shows a detailed hydropathy plot of TABV structural proteins. The hydropathy profiles of the capsid proteins of TABV and KUNV are remarkably similar (Fig. 1b) .
(iii) pr/M cleavage site. The prM protein of flaviviruses is the glycosylated precursor of the structural M protein. The prM cleavage is mediated by the host furin or an enzyme of similar specificity (Stadler et al., 1997 ; Steiner et al., 1992) and occurs at a site that conforms to the Arg-X-Arg\Lys-Arg pattern at positions k4 to k1 (Rice, 1996) . This site can be identified after position 224 in the TABV polyprotein (Table 1) . The deduced pr protein is 97 aa long, predominantly hydrophilic ( Fig. 1a ) and possesses two possible N-glycosylation sites and four Cys residues, of which two are conserved in flaviviruses.
(iv) M/Envelope cleavage site. This HS cleavage site might be situated after Ala#(( (Table 1 ) or alternatively after Ala#)% (but with a hydrophilic Gln residue at position k7). The M protein comprises a 32 aa ectodomain followed by two potential hydrophobic membrane-spanning domains (Fig. 1a) , possibly acting as signal sequences for translocation of the E protein in the lumen of the ER (as reported for flaviviruses). The prM hydropathy profile is very similar for TABV and KUNV. Hydrophobic membrane-spanning domains can be identified for both viruses (Fig. 1b) . However, the suggested lengths of the pr and M proteins of TABV are respectively longer and shorter than those reported for flaviviruses. (Table 1) , consistent with the rule of von Heijne and the presence of an upstream hydrophobic sequence. The deduced E protein consists of a long ectodomain followed by a C-terminal membrane anchor that might be implicated in translocation of the NS1 protein in the lumen of the ER (by reference to flaviviruses) and can be identified in hydropathy plots (Fig. 1) . It contains no putative glycosylation site, but 16 Cys residues, of which 15 are in the ectodomain and 10 of these are at positions conserved in flaviviruses, suggesting similar folding of the molecule through disulphide bonds. Comparison of the TABV E protein with that of tickborne viruses (Mandl et al., 1989) suggests that disulphide bonds could exist between cysteines 287 and 313, 356 and 387, 374 and 398 and 460 and 579 in domain A and 596 and 627 in domain B. A sequence homologous to the ' fusion peptide ', a 14 aa motif thought to be involved in fusion (Roehrig et al., 1989) , is present at positions 380-393. It conforms with the DRGWXX(G\H)CXXFGKG motif observed for all flaviviruses other than CFAV.
Study of non-structural genes -(i) NS3
The NS3 protein of flaviviruses is hydrophilic and is believed to be at least bifunctional. The N-terminal sequence contains four regions (boxes 1-4) that have significant similarity to serine proteases belonging to the trypsin superfamily (Bazan & Fletterick, 1989 ; Gorbalenya et al., 1989a) . This protease activity was shown to be essential for the polyprotein processing of YFV, West Nile virus (WNV), Murray Valley encephalitis virus (MVEV), Tick-borne encephalitis virus (TBEV) and DENV-2 (Chambers et al., 1990 ; Wengler et al., 1991 ; Lobigs, 1992 ; Pugachev et al., 1993 ; Valle & Falgout, 1998 ; Zhang et al., 1992) and requires both the proteinase domain of NS3 and the NS2B protein (Arias et al., 1993 ; Chambers et al., 1990 ; Falgout et al., 1991) . The Cterminal domain of the NS3 protein contains significant regions of similarity to the DEAD family of RNA helicases (Gorbalenya et al., 1989b) in seven conserved segments designated motifs I, IA, and II-VI. RNA-stimulated NTPase and RNA triphosphatase activities have been demonstrated for NS3 (Wengler & Wengler, 1993 ; Warrener et al., 1993) , without identification of catalytic\substrate-binding residues.
NS2B/NS3 cleavage site. Based on sequence alignments, this site was proposed at position 1477, after the Asp-Lys pair (Table 1 ). The presence of the Asp residue at position k2 is surprising for a site that is supposed to be cleaved by a VSP, but it should be noted that the proposed homologous cleavage site of CFAV has an Asn residue at position k2.
NS3/NS4A cleavage site. This cleavage (also mediated by the VSP) may occur at position 2089, after the Gln-Arg pair (Table  1) . The presence of a Val residue at position j1 (unusual after VSP dibasic sites in flaviviruses) is also observed after the proposed NS3\NS4A cleavage site of CFAV.
Using the NS3 gene sequence as defined above (aa 1478-2089) and -, high matching scores were found with the NS3 sequences of all flaviviruses, including CFAV [best score with DENV-1, P l 3ek46, 160\527 (30 %) identity], in both the serine protease and helicase\NTPase motifs (Fig. 2a, b) . With regards to the protease, conserved motifs could easily be identified in boxes 1, 2 and 3 and, in particular, the three catalytic residues His, Asp and Ser are conserved (Fig. 2a) . However, residue 1601, supposed to be a substrate-binding residue, is not Asp (acidic, as reported for all flaviviruses including CFAV), but Lys (basic). Moreover, the sequence similarity in box 4, which contains four additional substrate-binding residues, is very low. These important variations in sequence could possibly imply significant differences in the biological properties of the enzyme.
Sequence identity between TABV, CFAV and flaviviruses was also observed in all seven motifs of the helicase domain (Fig. 2b) . In the DEXD pattern, X is Ala for all flaviviruses, Cys for CFAV and Ser for TABV. All three residues are amino acids with short side chains. In motif III, two different alignments can be proposed (Fig. 2b) .
Significant but lower scores were also observed with the NS3 gene sequences of hepaciviruses [GBV-C, P l 1ek9, 71\294 (24 %) identity ; GBV-B, P l 8ek8, 106\457 (23 %) identity ; GBV-A, P l 4ek5, 66\298 (22 %) identity ; HCV, P l 2ek5, 69\297 (23 %) identity] and pestiviruses [CSFV sequence, P l 3ek17, 108\479 (22 %) identity]. For hepaciviruses, the best matches were found in the C-terminal part of the protein for motifs I, Ia, II, III, IV and VI of the helicase. In motif III, the Thr-Ala-Thr triad is conserved, corresponding to the second alignment proposed for this motif (Fig. 2b) . Scores were lower for the protease domain, but His"&$! (box 1), Asp"&&% (box 2) and the GXSGXP motif (box 3) were conserved for all viruses. Therefore, all catalytic residues are common to hepaciviruses and TABV. Interestingly, the sequence corresponding to box 4 of the protease matched a homologous sequence in the GBV-C polyprotein (Fig. 2a) .
For pestiviruses, all catalytic residues of the protease were conserved, but no strong similarity was found in box 4. In the helicase domain, conserved patterns were present in all motifs. In motif III, the Thr-Ala-Thr triad was conserved.
As reported previously for flaviviruses (Lain et al., 1989 ), significant identity scores were found with the CI sequence of potyviruses [best score with the sequence from Soybean mosaic virus, P l 6ek13, 89\358 (24 %) identity]. These homologies were identified only in the helicase motifs I, Ia, II, IV, V and VI.
(ii) NS5
The NS5 protein of flaviviruses is a long, hydrophilic and basic protein that exhibits RdRp activity (Tan et al., 1996 ; Steffens et al., 1999) . Four motifs (A-D) possess residues conserved in all virus RdRps (Poch et al., 1989) and, in particular, motif C (a core motif for catalytic RdRp activity), which includes the Gly-Asp-Asp conserved pattern. In the N-CEEH X. de Lamballerie and others X. de Lamballerie and others and NS5 genes. Sequence alignments include amino acids completely (capitals) or nearly completely (lower-case) conserved among flaviviruses (Flaviviruses), the CFAV sequence (only residues common to flaviviruses or TABV are indicated) and the newly characterized TABV. This is in accordance with the current classification, in which CFAV and TABV are listed as tentative species in the genus Flavivirus. Residues are numbered by reference to the TABV sequence ; dashes represent gaps, residues in bold are conserved positions and dots represent non-conserved amino acids. In (a), the sequence of GBV-C corresponding to box 4 is shown (see comments in text) ; arrows indicate putative substrate binding sites ; white letters on black correspond to catalytic sites. (e) Conserved amino acid motifs detected in the structural part of the polyprotein of TABV using the program HMMPFAM.
terminal domain of NS5, two conserved motifs (1-2) are homologous to methyltransferases and might be implicated in S-adenosyl methionine binding (Koonin, 1993) . NS4B/NS5 VSP cleavage site. Based on sequence alignments, this site might be located at position 2495 of the TABV polyprotein (Table 1) , following the Gln-Arg pair (with the unusual Phe residue at position j1). Using the deduced NS5 sequence of TABV, high matching scores were found with the NS5 protein of all flaviviruses, including CFAV [best score with KUNV, P l 5ek93, 260\884 (29 %) identity]. Conserved patterns were identified in both the methyltransferase CEEI and RdRp domains (Fig. 2c-d) . As observed previously (Poch et al., 1989) , the weakest identity scores were found in motif D of the RdRp. The Lys residue conserved in a large number of virus RdRps was found to be Phe in the TABV sequence. Interestingly, in the region homologous to the 37 aa interdomain of DENV-2, the Thr supposed to be the substrate of the CK2 Ser\Thr kinase and to be implicated in the nuclear localization of the NS5 (Forwood et al., 1999) was conserved.
Significant scores were also observed with NS5 gene sequences of pestiviruses [CSFV, P l 3ek10, 83\356 (23 %) identity] and pestiviruses [GBV-A, P l 0n001, 29\120 (24 %) identity ; GBV-C, P l 0n071, 14\49 (28 %) identity]. In these cases, significant identity scores were found only for the RdRp domain motifs A, B and C. In the case of HCV, a low matching score was found [P l 0n1, 8\19 (42 %)] in the first motif of the methyltransferase domain.
Low scores were also observed with the RdRp motifs B and C in the polymerase sequence of carmoviruses [best score with Galinsoga mosaic virus, P l 0n085, 22\93 (23 %) identity] and potyviruses [best score with Tobacco etch virus, P l 0n011, 17\58 (29 %) identity]. Interestingly, the Phe at position 3150 in RdRp motif D of TABV was conserved in some carmoviruses.
(iii) NS1, NS2 and NS4
Using sequence alignments, attempts were made to identify the cleavage sites of these TABV proteins, by reference to those described for flaviviruses (Table 1) .
The NS1\NS2A cleavage site is proposed at position 1130. In common with flaviviruses, it satisfies the (k3, k1) rule, but not the requirement for an upstream hydrophobic sequence (Rice & Strauss, 1990) . The NS2A\NS2B cleavage site could not be identified. The NS4a\2K cleavage site (cleaved by the VSP in flaviviruses) is proposed for TABV at position 2229. The residues Gln and Arg (positions k2 and k1) are found in all flaviviruses, but the Glu residue at position j1 is unusual. The 2K\NS4B cleavage site, which may be cleaved by an HS, is proposed at position 2254 (consistent with the rule of von Heijne and the presence of an upstream hydrophobic sequence).
Using the NS1, NS2 and NS4 sequences of TABV and -, no significant match with Flaviviridae sequences was observed. In particular, it is notable that NS1 does not contain the very conserved series of cysteines found in all flaviviruses.
Hydropathy plots
The relationship of TABV with flaviviruses was further investigated by producing and comparing hydropathy plots of complete polyproteins. A comparison of the hydropathy profiles exhibited by TABV and KUNV polyproteins is presented in Fig. 1 (b) . It shows striking similarities in both the structural and non-structural parts of the polyproteins. Such similarities exist not only in the genes in which significant identity scores were observed (see the profiles in the VirC, CTHD, Pr, M, NS3 and NS5 regions), but also in the NS2b, NS4a, 2K and NS4b regions, where no significant sequence identity was identified. This is extremely suggestive of shared biological properties and supports the evidence of a close evolutionary relationship between TABV and flaviviruses.
Base composition and codon usage
A study of the base composition of the coding sequence of TABV showed that its GjC content was 38n4 mol %, a value that is lower than those observed for flaviviruses described to date (which are all above 43 mol %). The lowest value among flaviviruses is that of RBV (43n2 mol %), another virus isolated from bats. Previous studies of dsDNA genomes (Bellgard & Gojobori, 1999) have shown the existence of a linear relationship between GjC content at the third position (GC3 %) of the codons and the GjC content of all codon positions. This also appears to be true for flaviviruses, as shown in Fig. 3 (a) , which reports the GjC contents and CEEJ X. de Lamballerie and others X. de Lamballerie and others GC3 % values of representative members of this genus, including TABV.
The influence of this low GjC content on the properties of the virus polyprotein was investigated. It was expected that, as reported previously in dsDNA genomes (Nishizawa & Nishizawa, 1998) , the low GjC content might be associated with an increase in Lys residues (encoded by AAA, AAG) and a decrease in Arg residues (CGN, AGA, AGG). This was verified when a comparison was made with other flaviviruses (Fig. 3b, c) . The Arg content increased and the Lys content decreased as a linear function of the GjC content.
A low GjC content might also affect the codon usage of the virus. The percentage of amino acid residues encoded as predicted by random codon usage is low for TABV (79 %) in comparison with flaviviruses and especially with CFAV (91 %). However, this difference is not totally attributable to the low GjC content of TABV : after correction of the bias due to the GjC content (taking into account the frequency of each nucleotide in the complete sequence), only 62 % of the Arg residues of TABV are encoded as expected statistically (versus 92 % for CFAV). This suggests that, at least in the case of Arg residues, constraints other than the GjC content are implicated in the codon usage.
Phylogenetic analysis
In the structural genes, as noticed previously, alignments that included CFAV were difficult to produce (Cammisa-Parks et al., 1992) . The only region where - detected significant matches between TABV sequences and both CFAV and flaviviruses was located between Cys"(' and Cys%'!. A multiple alignment was produced using   (with low alignment scores) and pairwise distances were calculated. In that region, CFAV was the most divergent virus, but relevant evolutionary information cannot easily be inferred from the study of genetic distances 80 % found between CFAV and TABV and also between CFAV and other flaviviruses. A phylogenetic tree for CFAV and representatives of the genus Flavivirus is presented in Fig. 4 (a) . TABV does not cluster with any of the recognized clades in the genus. It forms a new group, distantly related to both CFAV and flaviviruses. An NS3-like topology (Billoir et al., 2000) is observed, with nonvectored flaviviruses in the same evolutionary group as tickborne viruses (as observed previously in phylogenetic trees constructed from the NS3 sequences of flaviviruses). In the absence of a clear outgroup, this tree is unrooted for this group of viruses.
In the NS5 region, it proved impossible to produce significant alignments based on virus sequences from different genera. Therefore, complete NS5 sequences of flaviviruses, CFAV and TABV were aligned (Fig. 4b) . Not unexpectedly, the unrooted tree obtained displayed the NS5-like topology described previously (Billoir et al., 2000) , with low bootstrap values.
In the NS3 region, - predicted no significant matching scores between TABV, potyviruses and hepaciviruses in the region encompassing the first 200 amino acids of the N terminus. This region includes the most important sites of the protease domain. Therefore, alignments including TABV, flavivirus, pestivirus, hepacivirus and potyvirus sequences were produced between Gly"'(! and Arg"*$", in a region that includes the helicase motifs. The phylogenetic tree constructed from these data (Fig. 4c) displays an NS3-like topology (Billoir et al., 2000) in the branches representing the flavivirus group. According to this tree, flaviviruses and CFAV have a common ancestor distinct from TABV, but the topology at the deepest nodes proved to be unstable when other methods were used for distance calculation or tree building. A similar analysis was then carried out using both the protease and helicase domains of TABV, flavivirus, pestivirus and hepacivirus sequences. The region studied extended from position 1523 of the TABV polyprotein (box 1 of the protease domain) to position 1931 (motif VI of the helicase domain). The topology observed (Fig. 4d) in the flavivirus lineage was the same as that observed with helicase sequences alone. Table 2 .
ML analysis of these helicase and protease-helicase amino acid alignments also provided little phylogenetic resolution (Table 2 ). Minimal differences in likelihood were observed between trees in which TABV was depicted as either (i) the sister-group to the genus Flavivirus plus CFAV, (ii) more closely related to the genus Flavivirus than CFAV or (iii) forming a distinct clade with CFAV (Fig. 5, trees 1-3) . Consequently, it is impossible to resolve the phylogenetic position of TABV on the basis of this set of data. However, a tree linking TABV with the pestiviruses, rather than with flaviviruses or CFAV (Fig. 5, tree 4) , had a much lower likelihood in both the helicase and NS3 data sets, indicating that TABV is clearly more closely related to the genus Flavivirus and CFAV. This can be deduced from the δ value, as shown in Table 2 : δ is 30 for the topologies that group TABV together with pestiviruses and between 1 and 3 for all other topologies, indicating that the tree linking TABV with the pestiviruses is very unlikely.
Discussion
We have shown here that many characteristics of TABV deduced from the analysis of its coding sequence are shared with flaviviruses. The similar genomic organization, the unique polyprotein with conserved cleavage sites, the similarity of hydropathy plots, the highly conserved amino acid domains in the most important enzymes and in the structural proteins, the conserved cysteines presumably identifying sites for protein folding in the envelope protein and its phylogenetic relationships are all strong arguments to demonstrate that TABV belongs to the flavivirus evolutionary lineage. In contrast, the relatedness to the other lineages of the family Flaviviridae is less convincing, implying that TABV is not likely to be a member of the genera Pestivirus or Hepacivirus. This is compatible with findings from previous studies that reported common biological properties with enveloped arboviruses (Price, 1978) and a morphology similar to that of flaviviruses (Kuno et al., 1998) . The same studies reported the absence of a serological relationship with flaviviruses and the fact that the TABV genome could not be amplified using various sets of primers specific for flaviviruses, suggesting that the TABV was quite different from ' classical ' flaviviruses. This is also confirmed : TABV is genetically not closely related to any of the flaviviruses, either vectored or non-vectored, including CFAV. It constitutes a distinct genetic group within the flavivirus lineage, with some original characteristics, including the absence of conservation of cysteine residues in the NS1 protein and the predicted deviated substrate specificity of the VSP. The putative substrate-binding sites of this enzyme are substantially different from those of flaviviruses and four of CEFB X. de Lamballerie and others X. de Lamballerie and others the possible pairs preceding the putative cleavage sites are Gln-Arg residues. With the exception of the NS4A\2K cleavage site, where it is found for all flaviviruses, this pair is only found at the NS2B\NS3 site of DENV-1, -2 and -3, at the NS2A\NS2B site of APOIV and, interestingly, at both the NS2A\NS2B and NS2B\NS3 sites of RBV, another virus isolated from bats. Further studies are required to determine whether or not the fact that none of the VSP sites of the TABV polyprotein consists only of Arg and Lys residues correlates with specific enzymatic properties of the protease.
Another characteristic of the TABV genome is its low GjC content (38n4 mol %, lower than that of any flavivirus described to date). Low values (around 45 mol %) are also found in the genomes of viruses of the RBV serocomplex (Jenkins et al., 2001) , but not for viruses with no known vector belonging to the YFV group [Sokoluk virus, Yokose virus and Entebbe bat virus (ENTV) ; Gaunt et al., 2001] or viruses within the genera Pestivirus and Hepacivirus. The relationship between GjC content, host specificity and\or phylogenetic origin of viruses is therefore still poorly understood in the family Flaviviridae. However, data presented here show that, within the flavivirus lineage, there is a correlation between the GjC content and the amino acid composition of the polyprotein.
It is as yet unclear why the phylogenetic position of TABV is so difficult to determine. There are two likely explanations : (i) that the diversification of TABV occurred very rapidly with respect to CFAV and flaviviruses or, more simply, (ii) that these data contain insufficient phylogenetic signal because of their extensive divergence. Unfortunately, given the great evolutionary distance between TABV and the flaviviruses, future phylogenetic resolution will require models of amino acid substitution specifically designed to deal with divergent RNA viruses. However, it must be noted that our data do not exclude the possibility that the evolutionary branch containing TABV diverged very early, possibly before the branch containing CFAV. Thus, one could imagine that persistent infection of mammals is an ancestral character of the whole family that has been conserved by hepaciviruses and pestiviruses and lost recently by some flaviviruses. This argument is supported by the fact that persistence is associated with (i) TABV, (ii) viruses in the RBV serocomplex (diverged from the deepest node of the flavivirus group in the NS5-like topology) (Kuno et al., 1998) , (iii) viruses related to ENTV (the deepest divergence within the YFV group) (Kuno et al., 1998) , (iv) viruses in the TBEV complex (Frolova et al., 1982 (Frolova et al., , 1987 and (v) the more recently emergent Saboya virus. In addition, Japanese encephalitis virus (JEV) (Sulkin et al., 1970) , WNV (Theiler & Downs, 1973) , St Louis encephalitis virus (SLEV) (Sulkin et al., 1966) and DENV (Platt et al., 2000) have all been isolated from healthy bats, implying persistent infection. In other words, it cannot be excluded that flaviviruses were derived from viruses infecting mammals rather than from mosquito viruses, as has been proposed previously (CammisaParks et al., 1992 ; Gubler, 1999 ; Porterfield, 1999) .
In all cases, the molecular characterization of TABV is important for the taxonomic organization of the family Flaviviridae. CFAV and TABV have not yet been assigned to genera in the family Flaviviridae, although they have both been listed as tentative species in the genus Flavivirus (Heinz et al., 2000) . Neither CFAV nor TABV satisfies other criteria listed in the ICTV scheme of classification for inclusion in existing genera within the family Flaviviridae. In particular, antigenic relationships have been used as a simple and efficient threshold for the delimitation of genera in this family. According to this criterion (and in accordance with the analysis of genetic distances), TBAV should be assigned to a second genus in the flavivirus lineage, for which the tentative name of genus Tamanavirus might be proposed. Following the same criteria, CFAV should be assigned to a third genus in the flavivirus lineage, and at least three new genera should be created within the hepaciviruses. Thus, the family Flaviviridae might include seven or more genera (three of them represented by single virus species at the present time). Alternatively, if the current taxonomic position is retained, i.e. with three large genera representative of the three evolutionary lineages, TABV and CFAV would belong to the genus Flavivirus.
Finally, the phylogenetic relationship observed between the helicase genes of members of the families Flaviviridae (including TABV) and Potyviridae is an intriguing feature. It should be noted that recombination events in various genes have been detected to date in viruses related to hepaciviruses (GBV-C ; Worobey & Holmes, 2001) , in flaviviruses (DENV ; Tolou et al., 2001) , in pestiviruses (Meyers & Thiel, 1996) and also very recently in potyviruses (Bousalem et al., 2000) . Because relatedness between the families Flaviviridae and Potyviridae was not identified in genes other than the helicase, its origin might be the result of horizontal transfer of genetic information, possibly through genetic recombination (Goldbach, 1992) , that occurred between ancient ancestors of these viruses. Whether or not these novel genetic exchanges have taken place in this manner will become known only when new and more sensitive methods for comparative analysis become available.
